Background and objectives p-Cresyl sulfate and indoxyl sulfate contribute to cardiovascular disease and progression of renal disease. Renal clearance of both solutes mainly depends on tubular secretion, and serum concentrations are widely dispersed for any given stage of CKD. From this information, it is inferred that estimated GFR is not a suitable proxy of the clearance of these solutes. Formal clearance studies have, however, not been performed to date.
Introduction
CKD is accompanied by the accumulation of so-called uremic retention solutes. A metabolomic approach identified p-cresyl sulfate (PCS) and indoxyl sulfate (IS) among the most discriminating biomarkers of uremia (1) . Several studies linked IS to progression of CKD, leading to the protein-metabolite hypothesis (2) . Recently, a strong association between PCS and progression of CKD was reported (3) . In addition, both PCS and IS were found to be associated with increased overall mortality and cardiovascular disease at various stages of CKD (4) (5) (6) (7) (8) . Together, these studies and others suggest that PCS and/or IS are in the causal chain between the onset of CKD and adverse outcomes.
Glomerular filtration of PCS and IS is limited, because most of these colonic microbiome metabolites are highly (.90%) protein-bound (9) . Renal excretion, thus, mainly depends on the versatile tubular transporter systems. Relevant transporters include the basolateral organic anion transporter 1 (OAT1; SLC22A6) and 3 (OAT3; SLC22A8) (10) (11) (12) , the breast cancer resistance protein (BCRP), and the multidrug resistance protein 4 (MRP4) (13) . Some also suggest a role for the organic anion transporting polypeptide 4C1 (OATP4C1; SLCO4C1) (14) . How these molecular transporter mechanisms translate into renal clearances of PCS and IS has not been studied to date.
Early pharmacokinetic models assumed independence of glomerular clearance and tubular clearance. Because tubular plasma flow is the result of the renal blood plasma flow entering the glomeruli minus the filtered plasma flow or GFR, a more physiologic model has been developed, taking into account the dependence of tubular plasma flow and tubular clearance on glomerular filtration (15, 16) . In the absence of tubular secretion, the renal clearance is proportional to GFR. For solutes that undergo both glomerular filtration and tubular secretion, the renal clearance is a nonlinear function of the GFR. Protein binding, however, reduces glomerular filtration and affects tubular secretion. For solutes with a low unbound fraction, the renal clearance is then modeled as a nearlinear function of the GFR (15) .
Although advanced CKD stages are associated with higher median serum concentrations of both PCS and IS, individual serum concentrations for any given GFR are widely dispersed (5, 7, 8) . One study examining associations between estimated GFR (eGFR) and serum concentrations of various uremic retention solutes showed a low coefficient of determination for both molecules (17) . From this information, it was inferred that eGFR is not representative for evaluating the accumulation of uremic retention solutes that are mainly dependent of tubular secretion; this finding is in sharp contrast to the theoretical pharmacokinetic model predicting a near-linear association (15) .
We studied the relationship between eGFR, serum concentrations, and renal clearances of PCS and IS in patients at various stages of CKD to test the validity of eGFR as a marker of the renal clearance of PCS and IS.
Materials and Methods

Study Population
This analysis is a secondary analysis of the Leuven Mildto-Moderate CKD Study (clinicaltrials.gov NCT00441623; registered on February 28, 2007) (5). Prevalent CKD patients followed at the nephrology outpatient clinic of the University Hospitals Leuven who were 18 years of age or older and able to provide consent were eligible for inclusion. Patients were screened between November of 2005 and September of 2006. Data on baseline demographics and cause of kidney disease were collected at the time of informed consent. The study was performed according to the Declaration of Helsinki and approved by the ethics committee of the University Hospital Leuven. Informed consent was obtained from all patients.
Biochemical Measurements
At inclusion, blood was taken by venous puncture for measurement of creatinine (mg/dl), BUN (g/dl), PCS (mM), and IS (mM). Creatinine, BUN, and albumin were measured using standard laboratory techniques. eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) (18) and Modification of Diet in Renal Disease (MDRD) (19) Equations. We quantified PCS and IS using HPLC as described previously (20) . The creatinine clearance and renal clearances of PCS and IS were calculated from 24-hour urinary collections. The fractional excretion of PCS and IS was calculated with the equation 1003(urinary solute 3 serum creatinine)/(serum solute 3 urinary creatinine)(%). Twenty-four-hour urinary collections were sampled when available at time of inclusion. Completeness was assessed using 24-hour urinary creatinine excretion. Collections were considered complete when 24-hour creatinine excretion was within 2 SDs of the mean creatinine excretion for the geographical region of this study derived from the INTERSALT study (21) . Protein intake was calculated according to the formula by Maroni et al. (22) using 24-hour urinary urea nitrogen excretion and body weight (23) .
Statistical Analyses
Data are expressed as mean (SD) for normally distributed variables or median (interquartile range [IQR]) for non-normally distributed variables. Differences were tested using parametric ANOVA, Kruskal-Wallis test, or chi-squared test as appropriate. Correlations were calculated by Pearson or Spearman rank correlation coefficients as indicated. For linear regression, model fit was tested by quintiles-quintiles plots and distribution analysis of studentized residuals. For analyses of reciprocal relationships, data were transformed as X=1/(1+x). For multivariate analysis, we used a stepwise approach, with P include ,0.20 and P exclude .0.05. All statistical analyses were performed using SAS (version 9.1; SAS Institute, Cary, NC).
Results
Inclusion and Demographics
Between November of 2005 and September of 2006, 548 prevalent patients with CKD Kidney Disease Outcomes Quality Initiative stages 1-5 followed at the nephrology outpatient clinic of the University Hospitals Leuven, Belgium, were found eligible to be enrolled in the Leuven Mild-to-Moderate CKD Study; 499 patients providing informed consent were included (5). Of these patients, urinary collections were available for 264 patients. Completeness of urinary collections was assessed using 24-hour urinary creatinine excretion; 203 patients (76.9% of patients with 24-hour urinary collections) were included for analysis ( Figure 1 ). Demographics of the study population are presented in Table 1 . Apart from a small but significant age difference (P=0.01), we observed no significant differences between the current study population and the original patient cohort. With respect to CKD stage according to the CKD-EPI equation, 4.4% of patients were classified as stage 1, 18.2% of patients were classified as stage 2, 38.4% of patients were classified as stage 3, 29.1% of patients were classified as stage 4, and 9.9% of patients were classified as stage 5. When eGFR was calculated using the MDRD equation, 17.2% of patients were classified as stages 1-2, 44.8% of patients were classified as stage 3, 27.1% of patients were classified as stage 4, and 10.8% of patients were classified as stage 5. Glomerular disease was the most prevalent underlying renal disease (36.9%) followed by unknown cause (36.0%) and vascular disease (9.4%).
Serum Concentrations and eGFR
Median serum concentrations of PCS and IS were 46.4 mM (IQR=20.3-91.9) and 9.6 mM (IQR=5.0-18.9), respectively. We analyzed their relationship with eGFR (CKD-EPI and MDRD Equations) using linear regression analysis (Table 2) . When eGFR was calculated using the CKD-EPI Equation, a rather low coefficient of determination was observed for both PCS (R 2 =0.35, P,0.001) and IS (R 2 =0.25, P,0.001). The same was noticed when the MDRD-derived eGFR was used. Given the reciprocal relation between serum creatinine and the GFR, we also included 1/eGFR as an independent variable. Although the coefficient of determination remained below 0.5 for PCS (R 2 =0.46, P,0.001) and IS (R 2 =0.46, P,0.001), we observed substantial increments for all solutes studied (Table 2). Slightly lower coefficients of determinations were shown when measured creatinine clearance was used instead of eGFR (data not shown).
Renal Clearances and eGFR
Renal clearances of PCS amounted to a median of 6.8 ml/ min (IQR=3.4-12.0), whereas a median renal clearance of 17.7 ml/min was observed for IS (IQR=9.4-33.2). The relationship between eGFR and renal clearances of PCS (Figure 2A) and IS ( Figure 2B ) was explored using linear regression analysis. We observed a linear relationship between the eGFR (CKD-EPI Equation) and renal clearances of PCS (y=0.25x20.73, R 2 =0.50, P,0.001) and IS (y=0.67x22.57, R 2 =0.55, P,0.001). No major differences were noticed with the MDRD-derived eGFR (R 2 =0.48, P,0.001 for PCS; R 2 =0.55, P,0.001 for IS). Slightly higher coefficients of determination were noted when using the measured creatinine clearance instead of eGFR (R 2 =0.56, P,0.001 for PCS; R 2 =0.62, P,0.001 for IS) (Supplemental Figure 1) .
Although renal clearances of PCS and IS were clearly correlated (Spearman rank correlation coefficient=0.86, P,0.001), IS clearances exceeded PCS clearances by a median of 2.7-fold (IQR=2.2-3.2). There was no significant association between the IS clearance to PCS clearance ratio and the eGFR (Supplemental Figure 2) . We then analyzed the fractional excretion of PCS ( Figure 3A) and IS ( Figure  3B ). There was a significant but minor association between the fractional excretion of PCS (median=16.4%, IQR=13.2-22.5) and eGFR (R 2 =0.06, y=0.12x+14.57, P,0.001). We equally observed a significant but minor association between the fractional excretion of IS (median=43.7%, IQR=34.0%-63.2%) and the eGFR (R 2 =0.08, y=0.33x+37.43, P,0.001).
Multivariate Analysis of Serum Concentrations
Serum concentrations of PCS were a median of 4.3-fold higher than IS (IQR=2.5-6.8). Correlation between both solutes was fairly high (Spearman rank correlation coefficient=0.75, P,0.001). To analyze factors predicting serum concentrations of both PCS and IS, we constructed multivariate models, including demographics (age, sex, length, and weight), biochemical parameters (hematocrit and albumin concentration), and 24-hour urinary excretion of PCS and IS, which under steady-state conditions, equals 24-hour intestinal absorption assuming negligible endogenous metabolism, as well as the reciprocal of eGFR as marker of kidney function (rationale described above); 24-hour urinary excretion of both PCS and IS displayed wide dispersion with higher median values of PCS (454.1 mmol, IQR=238.4-694.7) compared with IS (285.2 mmol, IQR=183.6-392.6). Although a trend was observed to higher 24-hour urinary excretion rates of PCS with higher CKD stages, there was no significant interaction between eGFR and the 24-hour urinary excretion of PCS and IS (R 2 =0.008, y=21.52x+589, P=0.22 for PCS; R 2 =0.0003, y=0.15x+304.93, P=0.80 for IS) (Figure 4) . Accounting for individual differences in protein intake, PCS but not IS 24-hour urinary excretion was significantly larger at higher CKD stages (CKD-EPI stages 1-3 versus 4-5, P=0.03 for PCS, P=0.14 for IS). Serum concentrations of PCS were associated with eGFR (P,0.001), intestinal absorption of PCS (P,0.001), and serum albumin (P,0.001; model R 2 =0.75, P,0.001). Serum IS concentrations were associated with eGFR (P,0.001), intestinal absorption of IS (P,0.001), age (P,0.001), and sex (P=0.05; model R 2 =0.74, P,0.001) ( Table 3) .
Discussion
We studied the renal handling of PCS and IS in patients at various stages of CKD (excluding stage 5D). There were three key findings. Serum concentrations of the uremic retention solutes PCS and IS are associated with overall mortality (7, 8) , cardiovascular disease (5), and progression of CKD (3). Although advanced CKD stages are associated with higher median serum concentrations, individual serum concentrations for any given GFR are widely dispersed (5,7,8) . A better understanding of the factors that predict high versus low serum concentrations is needed. A recent study by Eloot et al. (17) examining associations between eGFR and serum concentrations of various uremic retention solutes showed a low coefficient of determination for both PCS and IS. From this information, it was inferred that eGFR is not representative for evaluating the accumulation of uremic retention solutes and that eGFR is not a suitable marker for the renal handling of PCS and IS.
In our cohort, we confirmed low coefficients of determination when analyzing linear associations between eGFR and serum concentrations of PCS and IS (Table 2) . Of note, a modest coefficient of determination was also observed between eGFR and serum creatinine. It should be acknowledged that the formula to calculate the GFR from urinary excretion and serum concentration implies a reciprocal relationship between the GFR and serum concentrations. Indeed, considering the reciprocal of eGFR, coefficients of determination were significantly higher for all solutes studied. We then built multivariate models to predict serum concentrations of PCS and IS. The addition of the 24-hour urinary excretion rate of either PCS or IS (as a substitute of intestinal absorption) substantially improved final models to predict serum concentrations of PCS (R 2 =0.75) and IS (R 2 =0.74), with eGFR still remaining a highly significant determinant.
We then analyzed renal clearances of PCS and IS. In line with pharmacokinetic models predicting a near-linear association between the GFR and the renal clearance of highly protein-bound solutes (15), we observed a significant direct association between eGFR and renal clearances of PCS (R 2 =0.50) and IS (R 2 =0.55). Together, these findings indicate that eGFR is an acceptable marker of the renal clearance of the protein-bound uremic retention solutes PCS and IS.
Urinary excretion of PCS and IS mainly depends on tubular secretion, because glomerular filtration of these molecules is limited because of high protein binding. Relevant transporters were recently characterized, including OAT1 (SLC22A6) and OAT3 (SLC22A8) (10) (11) (12) , BCRP, and MRP4 (13) . A role was also suggested for OATP4C1 (SLCO4C1) (14) . The fractional excretion of both PCS and IS was significantly associated with eGFR, with lower fractional excretions being observed at more advanced CKD stages. This observation is in contrast to renal handling of other solutes (e.g., potassium and phosphorus) (24) and points to a disproportionate decline of renal clearance of both solutes compared with the GFR. It can, therefore, be hypothesized that tubular secretory mechanisms for PCS and IS become saturated at higher CKD stages, whereas the relative contribution of glomerular filtration of both solutes (unbound fraction) to total solute clearance gains importance. Although translation of experimental to clinical findings is always challenging, it can at least be estimated that basolateral uptake of IS through OAT1 (SLC22A6) becomes saturated at more advanced CKD (10) . Remarkably, although renal clearances of PCS and IS were highly correlated, clearances of IS exceeded clearances of PCS by almost threefold. Theoretical modeling suggests that these findings are partly explained by higher free solute fractions of IS versus PCS (25) in addition to substantial differences between tubular transporter affinities and/or involvement of separate transporter systems for PCS and IS.
Intriguingly, 24-hour urinary excretion rates of both PCS and IS showed large interindividual variability, contributing to the observed dispersion of PCS and IS serum concentrations at different stages of CKD. Mechanisms governing these differences in intestinal absorption remain largely unknown. Both PCS and IS originate from colonic bacterial proteolytic fermentation (1, 26) . It is suggested that CKD goes along with a different gut microbiome (27) and favors a proteolytic fermentation pattern (28) . It has already been shown that higher CKD stages are associated with increased p-cresol intestinal absorption rates (28) . In our cohort, when accounting for individual differences in protein intake, intestinal absorption rate of PCS but not IS was also significantly increased at more advanced CKD stages. Our data, thus, provide additional arguments that the gut microbiome shows high interindividual variability and is modified by renal disease, and therefore, it might be a valuable target for intervention in patients with CKD.
There are limitations to our study. First, this study is a cross-sectional study in patients at various stages of CKD. This design precludes studying the effects of CKD progression on renal excretion of PCS and IS. Second, our study population mainly consists of patients of Caucasian origin. Care must be taken when extrapolating our data to other patient populations. Third, assessment of completeness of urinary collections is arbitrary. We assumed completeness of urinary collections when urinary excretion of creatinine was within 2 SDs of the mean creatinine excretion for the geographical region of this study (INTERSALT study) (21) . Finally, we only modeled renal handling of total solute concentrations of PCS and IS. Because unbound solute fractions were not determined in our study, formal statements about renal clearances and serum concentrations of both free PCS and free IS cannot be made.
In conclusion, this study is the first to show clear associations between eGFR and renal clearances of PCS and IS, making eGFR an acceptable marker for the renal handling of both protein-bound solutes. Renal clearances of IS exceed renal clearances of PCS by approximately threefold, contributing to the observed lower serum concentrations of IS at different stages of CKD.
